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Abstract
Many rare event searches including dark matter direct detection and neutrinoless double beta decay experiments take
advantage of the high VUV reflective surfaces made from polytetrafluoroethylene (PTFE) reflector materials to achieve
high light collection efficiency in their detectors. As the detectors have grown in size over the past decade, there has
also been an increased need for ever thinner detector walls without significant loss in reflectance to reduce dead volumes
around active noble liquids, outgassing, and potential backgrounds. We report on the experimental results to measure the
dependence of the reflectance on thickness of two PTFE samples at wavelengths near 178 nm. No change in reflectance
was observed as the wall thickness of a cylindrically shaped PTFE vessel immersed in liquid xenon was varied between
1 mm and 9.5 mm.
Keywords: Liquid xenon target; Noble liquid detectors; Scintillation detectors; Vacuum ultraviolet light;
Polytetrafluoroethylene
1. Introduction
Liquid xenon (LXe) detectors have found many appli-
cations based on their capability to provide both calorime-
try and imaging of particle interactions. Particularly fruit-
ful applications include dark matter [1, 2, 3, 4] and lepton
flavor violating [5] searches, neutrinoless double beta decay
detectors [6], gamma-ray physics experiments [7], medical
imaging [8], and neutron detection for Homeland Secu-
rity [9].
The performance of these detectors is strongly affected
by their xenon scintillation light collection efficiency, which
depends significantly on the reflectance of the surfaces
that surround the LXe volumes. Polytetrafluoroethylene
(PTFE) reflector materials are oftentimes the material of
choice for LXe detectors. PTFE is known to be highly re-
flective in the visible and near infrared (NIR) regions [10],
where it can reach reflectance of O(99%). Reflectance
remains high even in the vacuum ultraviolet (VUV) re-
gion. For xenon scintillation light (λ ' 178 nm) PTFE re-
flectance of O(55%) has been measured at room tempera-
ture [11, 12]. When immersed in LXe, PTFE reflectance is
of O(97%) [13, 14], which is much higher than the O(90%)
expected from optical models of the PTFE–LXe surface
derived from vacuum measurements with xenon scintilla-
tion [15].
It is important to know the magnitude of PTFE re-
flectance in LXe, since a few percent difference in PTFE
∗Corresponding author
reflectance has a noticeable impact on the performance of
a LXe detector [16]. Absolute PTFE reflectance in LXe
has been measured recently [14], but little is known about
the PTFE reflectance in LXe as a function of PTFE thick-
ness at these wavelengths [17]. The need for studying the
impact of thickness is driven by the desire to minimize the
amount of PTFE reflector materials in rare event searches
while maintaining good reflectance and thus high light
collection efficiency. Minimizing PTFE thickness is desir-
able in order to reduce dead volumes around active LXe,
outgassing, and potential backgrounds. A lower limit on
the thickness is established by the PTFE transmittance to
xenon scintillation light, and the need for optical isolation
between active and passive regions in LXe detectors.
In this work, experimental results of the reflectance of
PTFE immersed in LXe at wavelengths near 178 nm are re-
ported as the thickness of the PTFE material is varied be-
tween 1 mm and 9.5 mm. The basic features of the exper-
imental apparatus are described, followed by a discussion
of the relative reflectance measurements of two PTFE ma-
terials as a function of PTFE thickness. Determination of
absolute reflectance of these PTFE samples is beyond the
scope of this paper. It has been performed elsewhere [14].
2. Apparatus
The experimental procedure to measure PTFE reflectance
is based on a simple approach [18, 19] to measure reflec-
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tivity of painted surfaces in light integration boxes.1 The
basic idea is to measure photon detection efficiency f while
varying the fractional area F covered by a photosensitive
detector in a closed chamber, such that
f =
Ft
Ft+ a(1− F ) , (1)
where t is the probability of a photon to be absorbed by
the PMT (ie. detection), and a is the probability of a pho-
ton to be absorbed by the PTFE (for details see Ref. [20]).
Fractional area is defined as the ratio of the photosensi-
tive area over the total surface area of the closed chamber.
Equation 1 shows that for fixed a and t, photon detection
efficiency decreases as fractional area decreases (or as the
surface area of the closed chamber increases). Although
this simple model does not account for Rayleigh scatter-
ing and light absorption in LXe, and therefore does not
allow to extract the absolute reflectance of the two PTFE
materials, it illustrates that the method is very sensitive
to changes in reflectance for highly reflective materials, as
discussed in Appendix A.
In order to perform the reflectance measurements, a
chamber was designed and built that a) contains reflecting
surfaces made of PTFE material, b) contains a photomul-
tiplier tube (PMT) that is sensitive in the VUV region,
c) contains a bright mono-energetic light source inside the
detector, d) provides a way to easily modify the fractional
area of the chamber, and d) allows variation of the PTFE
wall thickness without modifying the experimental condi-
tion inside the chamber. Good optical coupling between
the PMT window and LXe is obtained, since the refractive
index of LXe for intrinsic scintillation light (n = 1.67 [21])
and that of quartz (n = 1.57) are well matched.
A schematic illustration of the detector is shown in
Fig. 1. It consists of a cylindrical PTFE chamber (62.2 mm
I.D., 117 mm high) with a 3-inch Hamamatsu R11410-
MOD PMT [22] on the bottom, a circular PTFE disk
(60 mm diameter) that floats on LXe, and a 210Po source
(0.1µCi) that is chemically plated onto a silver disk and
attached to the floating PTFE disk facing down. Two dif-
ferent geometries were used to vary the exposed area of the
PMT, as shown in Fig. 2. In geometry 1, the PMT area
was defined by a 3.3 mm thick and 36.8-mm I.D. aluminum
annulus placed on the PMT to protect it from light trans-
mitted through the 2.0 mm thick aperture of the PTFE
connector above it with the same I.D. For geometry 2, the
aluminum annulus and the PTFE connector had the same
I.D. as the cylindrical PTFE chamber. An exploded view
of the detector in which the placement of the aluminum
annulus, the PTFE connector, and the surrounding pieces
for geometry 1 are emphasized, is presented in Fig. 3.
Before the chamber is filled, the floating PTFE disk
rests on the PTFE connector (for geometry 1) or on the
1Note that Refs. [18] and [19] have small errors in their “light
collection efficiency” formulae, which slightly alter the results in their
publications, but do not significantly alter the general behavior.
Figure 1: Schematic view of the reflectivity setup. It consists of
a 3-inch Hamamatsu R11410-MOD PMT which covers the bottom
part of the 117-mm high and 62.2-mm ID PTFE cylindrical chamber,
and a 210Po source, imbedded in a PTFE floating disk, to provide a
mono-energetic light source.
Figure 2: Visualization of the two geometries that allow to vary the
effective PMT area, showing the PTFE connectors and the aluminum
annuli. Geometry 1 (left) has a 36.8 mm I.D. for both pieces, while
geometry 2 (right) has a 62.2 mm I.D. for both pieces which is the
same as the I.D. of the cylindrical PTFE chamber.
2
Figure 3: Exploded view of the reflectivity setup for configuration 1.
The 210Po α source, depicted as the small red disk inside the floating
disk, is held in place by a brass plug which is secured by a thin sheet
of PTFE (not shown) from the backside of the floating disk.
PMT window (for geometry 2). As the chamber is filled
with LXe, the floating disk rises and exposes an increas-
ing fraction of the cylindrical PTFE wall, until it makes
contact with the top aluminum plate. The top aluminum
plate constrains the floating disk even when the level of
LXe exceeds the top of the chamber. A 3.2-mm diame-
ter hole in the bottom of the floating disk provides a near
point-like light source of about 1,000 cps. Mono-energetic
scintillation light is generated by the 5.304 MeV α parti-
cles emitted from 210Po through ionization and excitation
of xenon atoms and subsequent emission of 178 nm pho-
tons from atomic de-excitation and recombination. Thus,
as the floating disk rises, the number of light reflections on
the PTFE surface of the chamber increases and the corre-
sponding path for the VUV photons gets longer, resulting
in a smaller light yield,2 as illustrated in Sec. 3.
The thickness of the PTFE cylinder wall was modified
(from 9.5 mm down to 1 mm) by removing material from
the outside of the cylinder. This ensured that the inner
surface of the chamber remained unchanged throughout
the measurements. The minimum cylinder wall thickness
of 1 mm was chosen to avoid collapse of the PTFE cylin-
der, as there is considerable buoyant force on the PTFE
cylinder due to the PMT being immersed in LXe. The
thickness of the floating disk and the PTFE connector re-
mained unchanged to avoid modification of the apparent
intensity of the light source placed in the floating disk and
to maintain structural integrity of the PTFE chamber, re-
spectively.
The detector described here is integrated into the Michi-
gan Xenon (MiX) detector system which is documented in
detail elsewhere [23]. The detector shares all components
2Photon detection efficiency depends both on the properties of
the liquid (ie. absorption length and Rayleigh scattering) and on
PTFE reflectance.
with MiX, except for data acquisition, since only a sin-
gle PMT is read out. Instead of using a flash ADC, the
PMT signal is read out directly on a digital oscilloscope
(Tektronix TDS 3034B).
3. Results
To prepare for data collection, the PTFE samples were
cleaned for 30 minutes in an ultrasonic bath with a solu-
tion of alconox and de-ionized water at 50 C, followed by
a 30 minute ultrasonic de-ionized water rinse at 50 C be-
fore being placed in a dry nitrogen box overnight. Prior
to measurements the PTFE samples were kept in vacuum
(10−3 mbar) for about 24 hours. This is a standard pro-
cedure to clean PTFE samples for use in ultrapure LXe
detectors.
At the start of a measurement cycle, the PTFE cham-
ber was filled with LXe until the floating disk reached the
top aluminum plate. The xenon was subsequently puri-
fied [23] with a high-temperature zirconium SAES PS3-MT3-R-1
getter for about 24 hours. Periodic light yield data were
recorded at a LXe temperature of (175± 0.2) K. Between
measurements, the LXe level, measured using a concentric
cylindrical capacitor [23] was reduced in steps of about
3 pF, which corresponded to a change in LXe level of about
8.1 mm. This process was continued until the floating disk
rested either on the aperture of the PTFE connector at the
bottom of the PTFE chamber (for geometry 1) or on the
PMT window (for geometry 2). Data was collected for
two different types of PTFE materials from Applied Plas-
tics Technology (APT), 807NX and NXT85, at a variety
of thicknesses of the cylindrical chamber wall. For 807NX
PTFE, data was collected for two different exposed PMT
areas to check for consistency among two different cham-
ber geometries, while for NXT85 PTFE, data was only
collected for the larger exposed PMT area. In order to
avoid PMT saturation, the detector was operated at dif-
ferent high voltages for the three different experimental
configurations.
The data for 807NX PTFE at an exposed PMT diam-
eter of 36.8 mm are shown in Fig. 4. All four data sets,
scaled to roughly 100% at the PMT surface,3 display the
same general shape and agree well within uncertainties.
Each data set shows that the scintillation light yield di-
minishes as the light source moves away from the PMT
surface. This general behavior is expected since the scin-
tillation light produced from the 5.304 MeV α particles
will experience more wall bounces at larger distance, re-
sulting in more photons absorbed on the chamber walls.
Furthermore, the path length for the scintillation photons
increases, resulting in an even smaller light yield due to
photon absorption and Rayleigh scattering in LXe [21].
3The four data sets were scaled with the same factor to roughly
100% at the PMT surface to facilitate reading the fractional decrease
in light yield vs chamber height off the graph.
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Figure 4: Scintillation light yield versus chamber height for APT
807NX PTFE, scaled to 100% at the PMT surface. Data were col-
lected at an exposed PMT diameter of 36.8 mm (geometry 1), a PMT
high voltage of 1,150 V, and chamber wall thicknesses of 9.5 mm,
5 mm, 2 mm, and 1 mm. The error bars represent the sum of statis-
tical and systematic uncertainties added in quadrature.
The combined effect leads to a variation in scintillation
light yield of about a factor of 5.8 over the chamber height
of 117 mm. Note that if reflectance was lower for smaller
PTFE wall thickness, the light yield would diminish more
rapidly with increasing chamber height, leading to even
larger variations over the chamber height.
The data for 807NX PTFE at an exposed PMT di-
ameter of 62.2 mm are shown in Fig. 5. The data sets at
5 mm and 1 mm agree very well within uncertainties, but
the data set at 2 mm displays a slightly lower light yield at
large chamber height. This variation in light yield is, how-
ever, still consistent within combined statistical and sys-
tematic uncertainties and is not necessarily an indication
of lower reflectance for a 2 mm wall thickness. The varia-
tion in scintillation light yield over the chamber height is
only about a factor of 3 for this configuration, which is in
agreement with the expectation that the different chamber
geometry results in fewer wall bounces and a shorter path
length for scintillation photons to reach the PMT.
The two data sets for the two different chamber geome-
tries for 807NX PTFE show distinctly different shapes, but
show no decrease in the signal over the measured chamber
wall thicknesses. Therefore, decreasing the wall thickness
from 9.5 mm to 1 mm does not appear to change the re-
flectance.
The data for NXT85 PTFE at an exposed PMT di-
ameter of 62.2 mm are shown in Fig. 6. Note that data
were only collected for one exposed PMT area since no re-
flectance dependence on thickness was observed for the
two geometries measured with the 807NX sample. All
four data sets show the same general shape and agree well
within uncertainties. The variation in scintillation light
yield over the chamber height is only about a factor of 2.3
for this configuration.
Figure 7 shows a direct comparison of scintillation light
yield as a function of chamber height for the two PTFE
Figure 5: Scintillation light yield versus chamber height for APT
807NX PTFE, scaled to 100% at the PMT surface. Data were col-
lected at an exposed PMT diameter of 62.2 mm (geometry 2), a PMT
high voltage of 1,010 V, and chamber wall thicknesses of 5 mm, 2 mm,
and 1 mm. The error bars represent the sum of statistical and sys-
tematic uncertainties added in quadrature.
materials. Both data sets were collected with exposed
PMT diameters of 62.2 mm and a cylinder wall thickness
of 5 mm. The two data sets were normalized to unity at
the PMT surface to extract the fractional decrease in light
yield from minimum exposed PTFE area to maximum ex-
posed PTFE area. The fractional decrease will be smaller
when the reflectance is larger. As shown in Fig. 7, the
NXT85 data set displays a higher light yield at large cham-
ber height than the 807NX data set. This indicates that
NXT85 PTFE has reflectance that is slightly higher than
that of 807NX PTFE, in agreement with the results ob-
tained for the absolute reflectance measured from Ref. [14].
See Appendix B for a discussion of the sensitivity of the
measurements reported in Figs. 4, 5, 6 to variations of
reflectance as a function of PTFE thickness.
3.1. Temperature Dependence and Experimental Uncertain-
ties
In order to quantify the temperature dependence of the
capacitive level meter and of the scintillation light signal
recorded in the PMT, the temperature of the LXe was
varied within ±3 K of the nominal temperature of 175 K.
The measurements were performed with the detector filled
beyond the top aluminum plate to ensure that the source
location remained fixed, and that the level meter was fully
submerged in LXe. The results are shown on Figs. 8 and
9. Figure 8 exhibits a drop in the level meter reading with
increasing temperature. This behavior is expected, as an
increase in temperature leads to a drop in the dielectric
constant of LXe, and therefore to a drop in capacitance
of the cylindrical level meter. The temperature depen-
dence of the capacitance is −0.1%/K, in good agreement
with literature values [24]. Figure 9 displays an increase
of scintillation light signal in LXe with decreasing temper-
ature. This temperature dependence is also expected, but
its value of −1.3%/K is approximately three times larger
4
Figure 6: Scintillation light yield versus chamber height, scaled to
100% at the PMT surface. Data were collected with APT NXT85
PTFE at a PMT diameter of 62.2 mm (geometry 2), a PMT high
voltage of 930 V, and chamber wall thicknesses of 9.5 mm, 5 mm,
2 mm, and 1 mm. The error bars represent the sum of statistical and
systematic uncertainties added in quadrature.
than typically reported values [25]. Since the PMT was
maintained at the same temperature as LXe, the larger-
than-expected variation in the signal may in fact be due to
the dependence of the PMT gain on temperature. Control
of the LXe temperature at the ±0.2 K level has been rou-
tinely achieved in the detector, corresponding to a lower
than 0.3% variation of scintillation light yield, and lower
than 0.03% variation of the LXe level.
Capacitive level meter calibration was achieved at the
±0.2 pF (ie. ±0.54 mm LXe) level, which translates into
a variation in the scintillation light yield of about ±2%.
Each measurement cycle was repeated at least once, typ-
ically within 48 hours, by refilling the chamber with LXe
and letting it settle for at least 24 hours before starting
the next measurement cycle. Scintillation light yield was
found to be stable within typically ±1% between two con-
secutive measurement cycles. The total systematic uncer-
tainty was estimated to be about ±2.3% by adding the
individual instrumental uncertainties in quadrature.
4. Conclusions
In summary, an experimental study has been performed
to determine the change in reflectance of PTFE immersed
in LXe at λ = 178 nm as the thickness of the PTFE ma-
terial was reduced from 9.5 mm down to 1 mm. The data,
collected with two different PTFE samples, displayed no
reduction in reflectance down to 1 mm wall thickness. The
ability of PTFE to maintain good reflectance and thus
high light collection efficiency even at very thin thicknesses
is instrumental for next generation direct detection dark
matter search and neutrinoless double beta decay exper-
iments. These experiments require large size detectors,
small dead space, low outgassing, minimal potential ra-
dioactive backgrounds, and good optical isolation between
Figure 7: Comparison of scintillation light yield versus chamber
height for NXT85 and 807NX PTFE at an exposed PMT diame-
ter of 62.2 mm (geometry 2). The two data sets were taken with a
5 mm chamber wall thickness, and normalized to unity at the PMT
surface. The error bars represent the sum of statistical and system-
atic uncertainties added in quadrature.
Figure 8: Level meter reading at various temperatures with re-
flectance measurement setup at a PMT diameter of 62.2 mm. The
level meter was fully submerged in LXe at all temperatures. The
data were collected with the 807NX PTFE sample.
active and passive regions within these detectors, require-
ments that can all be met by thin sheets of PTFE.
No attempt was made to extract the absolute reflec-
tivity of the two PTFE samples, as this is beyond the
scope of this paper. Nevertheless, the data indicate that
the reflectance of NXT85 PTFE is slightly higher than the
reflectance of 807NX PTFE for xenon scintillation light.
Appendix A. Sensitivity to Changes in Reflectance
Simulations of the experimental setup were performed
that follow the approach introduced in Refs. [18, 19, 20]
to illustrate the sensitivity of the method to changes in re-
flectance. The results of the simulations, shown in Fig. A.10,
display photon detection efficiency as a function of cham-
ber height, rather than fractional area to facilitate com-
parison to the experimental data displayed in Figs. 4, 5, 6,
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Figure 9: Scintillation light yield at various temperatures with a
PMT diameter of 62.2 mm, normalized to unity at 175 K. PMT held
at 1010 V. Source location fixed. The data were collected with the
807NX PTFE sample.
Figure A.10: Simulations of scintillation light yield versus chamber
height for PTFE reflectances between 90% and 100% for geometry
1 (left) and geometry 2 (right). Note that the simulations do not
account for Rayleigh scattering and light absorption in LXe, but
they do account for the effect of light absorption on the aluminum
annulus, as reflected by the small drop in photon detection efficiency
below unity for a PTFE reflectance of 100%.
and 7. The left panel of Fig. A.10 shows the variation of
the photon detection efficiency for geometry 1 over a large
range of PTFE reflectances, while the right panel shows
the variation for geometry 2. Sensitivity to variations of
reflectance is high at high reflectances O(>95%), gradu-
ally diminishes as reflectance gets smaller, and gets poor
as reflectance gets low O(<50%). Since absolute PTFE
reflectance is of O(97%) [14] when immersed in LXe, this
method is very sensitive to small variations of reflectance
and thus well-suited to detect possibly small variations in
reflectance with PTFE thickness.
Note that the general features of light yield versus
chamber height are well reproduced for the two different
geometries. But the model is too simple to allow an extrac-
tion of the absolute reflectance, since it does neither ac-
count for Rayleigh scattering and light absorption in LXe,
nor does it include detailed models for diffuse and specular
reflection. Building a model that can determine the abso-
lute reflectance of the measured PTFE samples is beyond
the scope of this paper.
Appendix B. Estimation of Variation in Reflectance
The sensitivity of the measurements reported in Figs. 4,
5, 6 to variations of reflectance as a function of PTFE
thickness can be quantified from examining the results dis-
played in Fig. 7. As shown in the figure, the NXT85 data
set displays a higher light yield at large chamber height
than the 807NX data set, which is in agreement with the
results obtained for the absolute reflectance measured from
Ref. [14] who report values of 97.5% and 96.1% for NXT85
and 807NX PTFE, respectively. Combining the 1.4% dif-
ference in absolute reflectance of the two PTFE samples
with the difference in light yield at large chamber height
displayed in Fig. 7, the variations of reflectance versus
PTFE wall thickness for the three experimental configura-
tions were estimated. The fluctuations of the data shown
in Figs. 4, 5, and 6 near chamber height of 12 cm are were
determined to be consistent with fluctuations in reflectance
of 0.4% for configuration 1 (Fig. 4), of 0.5% for configura-
tion 2 (Fig. 5), and of 0.4% for configurations 3 (Fig. 6),
respectively.
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